A methodology is presented for the routine determination of specific polychlorinated biphenyl (PCB) congeners in serum and milk samples. The procedures include standardized extraction, cleanup and quantitation by high-resolution gas chromatography (GC) and comprehensive quality assurance program to minimize systematic and erratic errors. The analyses of 68 PCB congeners and three pesticides, p,p'-dichloro diphenyl dichloro ethylene (DDE), hexachlorobenzene (HCB), and Mirex, at part-per-billion levels include the addition of surrogate congener standards (IUPAC isomers #46 and #142), extraction with hexane after protein precipitation, cleanup with Florisil, and analysis by GC with capillary column and electron capture detection. Quantitation is based on calibration standards and response factors using isomers #30 and #204 as internal standards. The quality control activities consist of analyses of samples in batches of 6 to 10 simultaneously with quality control (QC) samples. The quality assurance program checks that the procedures are under control by the use of control charts and set the criteria for data acceptability. The detection limits for the congeners and pesticides associated with the analyses of 500 serum samples and of 100 milk samples are reported. In addition, typical profiles of congener distribution in both matrices are illustrated.
Introduction
communications (12, 13) incorporate the quality controls necessary to minimize systematic and random errors usually encountered in these types of analyses. The presence of a program that includes all standard operating procedures to control laboratory errors and the evaluation of the precision and accuracy of the measurement process is an essential component of the analytical procedures. Some of the sources of errors are the correct identification of the analytes and the ability to differentiate between background noise and the presence of the analyte in question.
This report describes in detail an analytical method and the quality assurance program to measure 68 specific polychlorihated biphenyl isomers (PCB) and three pesticides: hexachlorobenzene (HCB), p,p'-dichloro diphenyl dichloro ethylene (DDE), and Mirex in serum and breast milk. The method is intended to routinely perform efficient determinations at the nano-and picogram levels in numerous samples with the confidence that the system is within set control limits. The objective of the study was to increase the throughput of samples analyzed in a given time without jeopardizing the quality of the data. The methods for the analyses of serum and milk samples follow the same procedures with minor differences to adjust for the high fat content in the milk samples. This methodology has been applied to over 500 serum and 100 milk samples collected in different areas of New York State. The results of those studies will be published separately.
In recent years, attention has been focused on the presence of specific polychlorinated biphenyls (PCB) in human populations as indicators of exposure. The availability of reliable data is key to the characterization of exposure and risk assessment to human health. Analytical methods to identify and quantitate specific PCB congeners and pesticides by gas chromatography (GC) with electron capture detection (EC) and capillary columns have been reported (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . However, very few of these
Materials and Methods

Chemicals
Reference PCB congener standards were purchased as solutions and/or solid materials from Accustandards (New Haven, CT) and Ultra Scientific (North Kingston, RI). Solvents (hexane, methanol, ethanol, iso-octane or 2,2,4-trimethyl pentane, and 2-propanol) were ACS or high-performance liquid chromatography (HPLC)-reagent grade. The hexane was checked for interferences by GC after 100-fold concentration. Florisil PR 60/100 mesh was supplied by Sigma Chemicals (St. Louis, MO). Powdered anhydrous sodium sulfate was ACS grade.
Glassware
Vacutainer tubes #6441, red top, no additives, no silicone, 10-mL capacity or larger were used for serum-collecting tubes. The milk collecting and extracting bottles were 120-mL wide mouth and 250-mL glass bottles equipped with Teflon-lined caps (VWR Scientific, Bridgeport, N J). The adsorption chromatography used glass columns (300 mm• 10.5-mm i.d.) equipped with coarse frit, Teflon stopcock, and 24/40 inlet joint (Supelco, Bellefonte, PA). The glass reservoirs were glass powder funnels with a 24/40 joint for the eluent (Ace Glass, Vineland, N J). All new and used glassware was washed before use. The glassware was rinsed with acetone, brushed vigorously with soap, soaked in detergent in a sonicator for 1 h, and rinsed with hot tap water and distilled water. Next, it was placed into a 10% nitric acid bath overnight, rinsed with distilled water, Millipore water, acetone, and hexane. The glassware used for blood and milk samples was washed separately and kept apart. No plastic other than Teflon was in contact with the samples during the procedures. Teflon in contact with Aroclors has been reported to adsorb less than 4% and desorb more than 99% of PCBs (14) .
Sample collection
The blood was collected in red-top Vacutainer tubes, centrifuged, and the serum separated to glass tubes. Samples were frozen until time of analysis. The milk samples were collected by the participants using commercially available breast milk pumps. The milk was transferred to glass jars provided by the laboratory, refrigerated, and sent to the lab where they were kept at -20~ until time of analysis.
The procedures for sample extraction and cleanup were standardized to minimize differences among operators. Surrogate standards, IUPAC congeners #46 and #142, were added at the start of the procedures to check recoveries within and among batches. The analysis was kept separate for each matrix, blood or milk. Separate lab space for the extraction and the cleanup of glassware was assigned for each sample matrix.
Serum Samples
Sample extraction
A 2-g serum or QC control sample was weighed in a 15-mL glass vial with Teflon-lined cap; 1 pL surrogate standard solution containing 0.75 lag/mL of congener # 46 and 1.5 IJg/mL of congener #142 in iso-propanoi was added, mixed well, and left overnight in the refrigerator. This equilibration period is required to minimize variability in recovery. After equilibration, 2 mL of methanol was added, followed by 6 mL of hexane with vigorous shaking between additions. The vial was placed in a rotatory mixer consisting of a shaft attached to a motor capable of rotating at variable speed. The tubes are mounted to the shaft tangential to the axis of rotation. The sample vials were rotated at 50 rpm for 20 h, centrifuged at 1800 rpm for 10-15 rain, and the hexane was transferred to a disposable glass tube and concentrated under a slow stream of nitrogen in a 50~ water bath to obtain a 2-mL volume. The 20-h extraction time was selected for maximum recoveries of the analytes as well as convenience.
Sample cleanup
The concentrated extract was introduced into a glass column packed with 5 g of 2% deactivated Florisil overlayed with 1.5 g of anhydrous sodium sulfate. After the extract passed into the column, the congeners were eluted with a volume of hexane previously determined. (The optimum amount of hexane needed to elute an Aroclor mixture was measured in batches of 1 kg of 2% Florisii). The eluate was concentrated to less than I mL, and 200 IJL of iso-octane or keep solvent was added. The solution was transferred to a microvial and the hexane evaporated under a slow stream of nitrogen in a multiport minievaporator until the 200 pL of iso-octane remained. A 1-1~L aliquot of a solution of 0.75 pg/mL congener #30 and 1.5 I~g/mL congener #204 in iso-octane (internal standard solution) was added to each extract. The iso-octane concentrate was kept in the Teflon-lined capped microvial in the refrigerator until it was time for chromatographic analysis.
Fat determination
The fat was measured by gravimetry in a duplicate serum sample. An aliquot of a 1-g serum sample was mixed with 1 mL methanol followed by the addition of 3 mL hexane. The extract was separated, dried under a stream of nitrogen and the residue weighed. The fat content was calculated as milligram of fat per gram of serum.
Milk Samples
Sample extraction
Approximately 15 g of milk or quality control sample was weighed in a 40-mL glass bottle with Teflon-lined cap, a 10 IJL of the surrogate standard solution containing 0.7 IJg/mL congener #46 and 2 IJg/mL congener #142 in iso-propanol was added, mixed well, and allowed to equilibrate in the refrigerator overnight. The mixture was transferred to the 250-mL extracting bottle, and the proteins were separated by adding 30 mL of ethanol. The extraction was accomplished by the addition of 25 mL of hexane and shaking for 7 min being careful not to form an emulsion. This procedure was repeated twice, and all the extracts were combined and dried with anhydrous sodium sulfate.
Fat determination
The amount of fat was determined by evaporating a 10-mL aliquot of the hexane extract and weighing the residue. The volume of hexane containing 0.2 g of fat was calculated and used for the remainder of the process.
Sample cleanup
The volume of extract containing the 0.2 g of fat was concentrated to 2 mL under a nitrogen stream in a 50~ water bath. The concentrate was introduced into a glass column packed with 10 g of 2% deactivated Florisil overlaid with 1.5 g of anhydrous sodium. The PCBs and pesticides were eluted with the volume of hexane previously determined by titration of the specific batch of Florisil with an aroclor mixture in the same manner as the serum sample cleanup. The eluate was concentrated to less than I mL, and 300 pL of iso-octane was added. The solution was transferred to a microvial and evaporated under a slow stream of nitrogen to a 300-pL volume in a multiport mini-evaporator. Before GC analysis, 10 I~L of internal standard solution containing 0.6 IJg/mL of congener #30 and 1.5 1Jg/mL of congener #204 in iso-octane was added to each sample, QC control, and calibration standard.
Gas Chromatography Analysis Apparatus
The chromatographic system consisted of two GCs with data output connected trough PE-Nelson interfaces to a Gateway 2000 PC (North Sioux City, SD) for acquisition, analysis, and storage of GC runs using the TURBOCHROM GC data system (PE-Nelson, Perkin Elmer, Norwalk, CT). The primary GC system consisted of a Hewlett Packard (Wilmington, DE) model 5890 equipped with EC detector, a Hewlett Packard model 7673 automatic sampler, and split/splitless injector. Originally, the analysis was performed using a 30-m SPB-5 capillary column (0.25-mm i.d., 0.25-1Jm film thickness, Supelco). Subsequently, a 60-m column was used. The slight increase in resolution with this longer column allowed for the separation of some coeluting congeners such as #31 from #28 and #153 from #132 and #105. The chromatograms in Figures 1 and 2 illustrate the separations in the 30-m column for milk samples and in the 60-m column for serum samples, respectively.
Gas chromatographic conditions. The primary GC was used
for the analyses of the PCB congeners. The initial oven temperature was 80~ held for 2 rain and programmed to 160~ at 10~ per rain, then to 190~ at 1.5~ and finally to 256~ at 2.0~
The final temperature was held for 5 additional rain. The time for a GC run was 68 min. The detector temperature was kept at 300~ the injector temperature at 260~ The carrier gas was ultrapure helium at 26 psi head column pressure and initial flow rate of 2 mL/min; the makeup gas was ultrapure nitrogen at a flow rate of 60 mL/min. The samples were injected by the autosampler in the splitless mode.
Before GC analysis, an injection of the hexane used in the extraction was run daily to ensure that the column, syringes and instrument were free of contamination or sample carryover.
Confirmation GC analysis. Ten percent of the samples, selected randomly, plus samples presenting unusual interferences were run on the confirmation column. The GC used for confirmation analysis was a Perkin Elmer model 8500 equipped with EC detector, split/splitless injector, and an SPB-Octyl capillary column (60 m, 0.25-mm i.d., 0.25-1Jm film thickness, Supelco).
The conditions for the separation were as follows: initial oven temperature was 165~ programmed to 200~ at 3~ then to 280~ at 1.5~ and held at 280~ for 5 min. The detector temperature was 320~ and the injector was kept at 210~ The time for all of the peaks to elute was 70 min. The carrier gas was ultrapure helium at 26 psi head column pressure and 6 mL/min initial flow rate; the make-up gas was ultrapure nitrogen at a flow of 60 mL/min. The samples were injected in the splitless mode. Aliquots (1 IJL) of the samples previously analyzed and of the calibration solutions originally run with the given batch were injected into the GC. A recently prepared set of calibration standards was used to calibrate the system.
Calibration standards. Two separate sets of calibration standards were used for the serum and the milk determinations to encompass the different levels of congeners present in the two matrices. The congeners included in the calibration standards were selected based on the frequency of occurrence and the amount present in the samples. Various chlorinated compounds were investigated before the selection of congeners #30 and #204 as the internal standards and congeners #46 and #142 as surrogate standards. The criteria for their selection were the elution characteristics in the chromatographic columns and their absence in samples of normal populations.
A set of the three calibration concentrations, which is shown in Table I , was run with each batch of samples. The lowest calibration standard was at a concentration near, but above, the limit of detection of the chromatographic detector, and the others corresponded to the expected range of concentrations in the samples.
The calibration solutions were aliquoted to small vials and used only once with one batch of samples. These solutions were calibrated against purchased EPA-certified congener solutions. All standard solutions of PCB congeners and internal standards not prepared from a primary standard were periodically standardized.
Data acquisition and analyses. The data from the GC were acquired and stored directly in the computer by the TUR-BOCHROM data system. Identification and quantitation of the individual congeners were performed by comparison with purchased reference congeners and pesticides. The analytes were identified by their retention times relative to the internal standards, congener #30 for peaks eluting before #101 including HCB and congener #204 for congener #101 and those eluting later plus DDE and Mirex. The concentrations of the congeners and pesticides present in the calibration standards in the actual samples and QC controls were calculated based on the calibration curves for each batch. The concentration of congeners not present in the calibration standards were calculated using response factors. The response factors were determined in our laboratory by analyzing purchased standard solutions of the individual congeners. The response factors were calculated as the slope of calibrations curves of the individual congener solutions in the range of 5 to 20 ng/mL with congeners #30 and #204 as internal standards. Tables II and III show the response factors for each analyte including those present in the calibration standards.
There are a few PCB congeners that coelute in both of the two chromatographic columns routinely used for these analyses. The concentration of these coeluting congeners in the samples were calculated using the average of the response factors of the individual coeluting congeners. The exception was congener #153 that coelutes in the 30-m column with congeners #132 and #105. The concentration was calculated based on the calibration curve for congener #153. The use of the average values assumes that both congeners are always present in the same proportion or 1:1 ratio. These coeluting congeners have been measured in only some of the samples and at low concentrations (less than 3% of the total PCB) in the various populations recently studied. Presently we are investigating the use of a different chromatographic column to separate these coeluting peaks.
The results of the GC analyses were electronically exported to a spreadsheet program for further data analysis and report preparation. Quality control and quality assurance program The quality assurance (QA) program is set up to define the acceptable error rates and to verify that the analytical process is operating within acceptable limits. The criteria involve examining and setting limits for the critical variables, contamination or interference peaks, recovery rates, and reproducibility of the data.
Samples received for analysis were logged in and given a code number, which was the only identification used throughout all the procedures. Documentation is kept to trace each sample and control along with a description of any deviation from the standard operating procedures and compliance with the QA program. Performance records and documentation of all procedures are kept for 5 years or longer after completion of the project. These records include a receiving log book, laboratory books to record daily activities, chromatographic raw data and results files, calibration runs and summary results files identified by batch number, and QC charts and records. All procedures adhered to the principles of good laboratory practice (GLP) and are described in detail in a manual easily available to all personnel.
Quality controlsamples. Day-to-day activities included the analyses of ten samples plus four QC samples to verify that the analytical process was within set control limits. The control samples were one reagent blank, one matrix (serum or milk) blank, one QC check sample, and one sample in duplicate. An additional hexane blank was added to the batch of samples when a new hexane bottle was opened.
The reagent blanks or extraction blanks consisted of distilled water in equal amount to the samples being analyzed (2 g serum or 15 g milk). Reagent blanks were used to check for interferences by tabulating the results for each analyte in addition to checking the chromatographic runs for obvious extraneous peaks. The concentration of each congener and pesticide is calculated and compared with the LOD for the particular analyte. Values greater than the LOD mandate further check. If the other QC controls in the batch show the same results the particular analyte is contaminated and its concentration in that batch of samples is not reported.
The matrix blanks are serum from unexposed sheep or evaporated milk (PET brand) diluted with an equal volume of distilled water.
The QC check samples were blank matrix samples, sheep serum or evaporated milk, spiked with known amounts of 11 congeners and the three pesticides.
The matrix blanks and the QC check samples are prepared at the beginning of the study by dividing a pool of matrix blank, sheep serum or evaporated milk, in two equal volumes. One half of the matrix blank was aliquoted and stored in individual tubes until the time of extraction. The other half of the matrix blank was used to prepare QC check samples. The sheep serum was spiked to yield a solution of 0.6 ng/g each for congeners #6, #44, and #52 and 0.3 ng/g for congeners #101, #138, #153, #180, #185, and #205 and pesticides DDE, HCB, and Mirex.
The QC check for the milk samples consisted of the other half of evaporated milk spiked to a final concentration of 0.5 ng/g for congeners #6, #44, and #52 and 0.3 ng/g for congeners #101, #138, #153, #180, #185, and #205 and pesticides DDE, HCB, and Mirex.
After the addition of the spike, the QC check samples were allowed to equilibrate overnight at room temperature. Aliquots, 2 g serum or 15 g milk, were stored in individual vials at -70~ until time of analyses. Enough blank and QC check samples were prepared to last through the analyses of all samples in a given study.
The duplicate samples are samples randomly selected, one per batch of nine samples, extracted, and analyzed with the same batch.
Reagent blanks, matrix blanks, and QC check samples were treated as samples. The concentration of each analyte was calculated, and the results were kept in tabular form together with the results for the samples for the particular batch.
The analytical methods for serum and milk were tested initially for accuracy and repeatability by analyzing 10 spiked samples or QC check samples, 10 reagent, and 10 matrix blanks included in five separate batches. The mean and the standard deviation concentration of each congener were calculated in nanograms per gram for all congeners and pesticides in each control set. These values were then used to construct the respective control charts.
Data handling. The performance of the data system was tested periodically as part of the QC program. The GC data for each batch were checked for correct identification of reference peaks (surrogate and internal standards), integration of areas under the peaks using the appropriate baseline, identification of congeners by relative retention times, area integration, and calibration curves. A report that was stored as electronic file identified by batch number and date was generated. The tabulated report was exported electronically to a spreadsheet, and the data were stored. The spreadsheet values were copied to separate spreadsheets to tabulate blanks, QC check samples, samples, and duplicates. Each QC spreadsheet included the corresponding control charts. The compliance with the criteria was checked for each parameter and appropriate action recommended, that is, acceptance of the data or rejection. The electronic handling of the data facilitated data management and helped to minimize errors that were due to misreading, faulty transcription, or miscalculation.
The concentrations of the analytes were recorded as nanogram per gram of sample with four decimal points, which was used throughout all data manipulation. The values were rounded to three significant figures in the summary report to the investigator. Values below the LOD were reported as less than LOD, and the LOD was reported for each congener.
Results and Discussion
Typical chromatograms of serum and milk samples are shown in Figures 1 and 2 , respectively. The identification and quantitation of the specific congeners were based on the retention times of the analyte relative to the corresponding internal standard compound. The daily variation of absolute retention times was • of the expected retention time of the analyte. The calibration standard curves were checked for linearity, and the slopes were compared with the slopes of the cer-Journal of Analytical Toxicology, Vol. 21, November/December ~997 tifying standards. Differences of more than ___10% in the concentration of a given analyte required an overall cleaning and baking of the chromatographic system. The daily variation in slopes have been less than 5% from batch to batch with r 2 values between 0.994 and 0.998
The response factors obtained for the congeners not included in the calibration standards are shown in Tables II and III using  congeners #30 and #204 as internal standards, respectively. The response factors are checked periodically and differences in concentrations of congeners in reference solutions of more than • are not acceptable. Failure to comply requires preparation of new standard solutions at three different levels, calibration against a certified solution, and recalculation of the response factor. In our experience, the mean differences in response factors have been 2-5% of concentration of the congener being measured.
The LODs for the specific congeners and pesticides were determined as the mean concentration plus three standard deviations (15) of 10 reagent blanks. This definition of the LOD is associated with a 1% risk of reporting false positive, error type I, and a 50% risk of reporting false negative, error type II, concentration of individual congeners (16) . The LODs for each congener in 2 g serum and 15 g milk samples are shown in Table IV . These values are determined for every new study to account for differences in matrix and amount of sample available for the analysis.
Recovery rates of surrogate congeners in samples and QC controls are determined and compared for variations within and among batches. The criteria for acceptable recovery rates of surrogate standards were set based on the determination of recovery of 10 control samples at the beginning of each study and were equal to the mean plus or minus three standard deviations. If these criteria were not met, the cause of error was located, and the results were adjusted for the mean recovery of congeners #46 and #142 among all the batches. An example of surrogate standard recoveries in our laboratory are the values of 85.5 + 18.6% for congener #46 and 83.1 + 16.4% for #142 for one set of 500 serum samples. The main source of noncompliance was accidental spillage of the extract. For each set of samples, the laboratory reported the concentration of the congeners without adjusting for recoveries plus the mean recoveries of the surrogate standards.
Performance of the method in regard to repeatability and accuracy was tested by analyzing samples of known content or QC check samples. Matrix blanks were used to calculate true recovery of the QC check samples because the blanks, sheep serum and evaporated milk, had measurable concentrations of some congeners. Evaluation of bias was determined by statistically analyzing recoveries compared with actual spiked amounts of QC check samples with and without correction for matrix background levels. For example, the mean recovery for congener #153 in serum QC check sample was 104.9 • 15.5% without and 95.1 • 12.5% with subtraction of the serum blank values respectively.
Control charts for QC check samples were constructed for each spiked congener by plotting their concentration as a function of batch number. Five lines were drawn parallel to the x-axis, and the mean concentration, the warning limits, and the control limits were calculated at the start of the study. The warning limits were defined as the mean plus or minus two standard deviations and the control limits as the mean plus or minus three standard deviations. Two examples of QC check sample charts are shown in Figures 3 and 4 
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within the control limit range, the batch performance was acceptable for the given analyte. When the recovery for one or more of the QC controls fell outside the designated range, the laboratory performance for that congener was judged to be out of control, and the problem had to be immediately identified and corrected. The analytical result for that congener in the samples was suspect and may not have been reported for regulatory compliance purposes. In our experience, approximately 95% of the failures to compliance were associated with contaminated glassware. The warning limits were used to check trends in the results, and values falling outside this range indicated potential problems. The four QC controls, reagent blank, matrix blank, QC check, and duplicate, analyzed with 9 each batch of samples were also used for the detection of interferences and contaminants within a batch. Some interferences were in-9 herent to the samples, in which case the sample extract was analyzed in a second chromatographic or confirmatory column. A specific interference with congener #180 has shown in 10% of the milk samples and identified as a possible contaminant of the milk sampling devices used by the participants of the study. The reproducibility of the data was checked by the analyses of duplicate samples. The absolute value of the difference between the concentration of a duplicate or split sample was defined as the range. The mean range was calculated for each congener at the start of the study by analyzing five sets of duplicate samples. The upper limit acceptance criterion was defined as the mean range multiplied by a factor of 3.27 (R + 3 STD for n = 2) (17). If the criterion was not met, duplicate samples were re-extracted and re-analyzed. Unusually high or unexpected concentrations of random congeners were checked by running the sample in a second column or repeat chromatographic analysis of aliquots of the extracted samples.
Confirmation analysis was performed by reanalyzing the extracts using the second gas chromatographic column with different retention characteristics. This step controlled for quantitation as well as confirmation of the identity of the specific congener. 
Conclusion
A methodology including standardized extraction, cleanup, and quantitation procedures; high resolution GC; and comprehensive QC program to minimize systematic and erratic errors that allowed for the determination of spe-cific PCB congeners in serum and in milk was presented.
The method required the addition of surrogate and internal standards and the simultaneous analysis of QC control samples with each set of 6--10 samples. The QC control samples included spiked matrix, blank matrix, reagent blank, and duplicate samples. Data acquisition and analysis were computerized using commercially available hardware and software.
These procedures have been in routine use in our laboratory for the past 2 years to study populations with different characteristics. In those populations, up to 66 and 67 congeners have been identified in milk and serum samples, respectively, at concentrations higher than the LOD.
